Abstract In this work, the influence of reagent concentration on hydrolysis reactions of cellulose in supercritical water was analyzed. The hydrolysis was carried out at 400°C and 25 MPa with reaction times between 0.07 and 1.57 s and feeding cellulose concentrations between 5 and 20 % w/w (1.5-6 % w/w at reactor inlet). Also, a flash separator was used to separate vapor in the product stream in order to increase the final concentration. The best result for sugar production (79 % w/w) was obtained working with a cellulose concentration of 5 % w/w and 0.07-s reaction time. For glycolaldehyde production, the best result (42 % w/w) was obtained with a concentration of 20 % w/w and 1.57 s. The employment of a flash separator allowed reducing the water content by 50 %.
Introduction
Biomass is a renewable and worldwide-distributed carbon resource that can be used to produce energy, chemicals and fuels for future sustainable industries (Aida et al. 2007a) . Bio-based industries, using renewable energy and materials, promote decentralized production, which can be an alternative to centralized petrochemical production plants (Cantero et al. 2015a ).
Theoretically, it is possible to obtain all the chemical materials produced using petroleum from biomass. Biomass can be converted into useful products (chemicals, fuels or energy) by two main processes: thermo-and biochemical (Goyal et al. 2008) . Generally, thermochemical conversion processes have higher efficiencies than biochemical processes in terms of the lower reaction time required and higher ability to decompose most of the organic compounds. The main components of biomass (cellulose, hemicellulose and lignin) could be separated and Electronic supplementary material The online version of this article (doi:10.1007/s10570-015-0674-3) contains supplementary material, which is available to authorized users. then used as starting materials to produce interesting compounds via thermochemical processes such as hydrolysis (Sasaki et al. 2003a) . Glucose would be the main product from cellulose hydrolysis, hemicellulose would release its component sugars, and lignin would produce phenolic compounds (Zhang et al. 2010) .
Taking into account the wide range of derivatives produced from biomass, it is considered a promising source for the sustainable production of sugars and added-value products such as glycolaldehyde (Esposito and Antonietti 2013; Tollefson 2008) , which then can be used as a raw material to produce two-carbon building block molecules. For example, ethylene is one of the most typical starting molecules for the production of chemicals in the petrochemical industries. Ethylene can be converted into ethylene glycol, which is a widely applied in the plastic and polyester industries. Apart from petroleum, it can be obtained through the hydrogenation of glycolaldehyde by a transition metal catalyst (Wang and Zhang 2013) . Therefore, selective hydrolysis of cellulose to obtain glucose and glycolaldehyde is essential for the effective use of biomass (Onda et al. 2009 ).
Cellulose is a major source of glucose not soluble in most conventional solvents (Rinaldi and Schüth 2009) . In recent years, there has been increasing interest in using supercritical water (SCW) as a solvent because of its suitability as an environmentally friendly, nontoxic and inexpensive medium for chemical reactions (Kumar et al. 2010 ) since water at around the critical point (Tc = 374.2°C, Pc = 22.1 MPa and qc = 0.323 g/cm 3 ) shows very different properties from those of ambient liquid water (Sasaki et al. 2003b) . The main variations in water properties are: (1) around the critical point the dielectric constant is decreased by increasing the temperature, thus enhancing the solubility of small organic compounds; (2) above the critical point the ionic product (Kw) decreases (from 10 -14 to 10 -25 ), thus promoting the free-radical reaction mechanisms instead of ionic mechanisms; (3) moreover, interphase mass transfer resistances are substantially reduced or eliminated operating at supercritical conditions, allowing faster reaction rates (Akiya and Savage 2002; Peterson et al. 2008) .
SCW technology allows fast conversion of cellulose into sugars, being a tunable reaction medium for the synthesis of selected chemicals from biomass (Fang and Xu 2014) . In addition, from the point of view of decentralized chemical processes, SCW provides a fast reaction rate, high selectivity and high conversion yield of many biomass feedstocks, making it possible to carry out chemical transformations in compact devices (Arai et al. 2009 ).
The conversion of cellulose and lignocellulosic biomass to valuable chemical intermediates using SCW has been previously reported, using different kinds of reactors with different inlet concentrations of cellulose. The hydrolysis in batch-type reactors is usually carried out with long reaction times, thus favoring the decomposition of the produced glucose (Ehara and Saka 2002; Zhao et al. 2009 ). The flowtype system makes it possible to shorten the reaction time and therefore reduces the degradation of sugar products. In this way, higher glucose yields could be obtained (Ehara and Saka 2005; Sasaki et al. 2003b) . Recently, our research group could improve the hydrolysis of cellulose suspensions in SCW by using a continuous microreactor, giving as a result a total conversion of cellulose in milliseconds and yielding a sugar production of 98 % w/w (Cantero et al. 2013b) . Results obtained with the aforementioned technologies are shown in Table S1 in the Supplementary Material, where it can be seen that concentrations between 2 and 10 % w/w (pumping concentration) of cellulose were hydrolyzed under different operational conditions, obtaining yields of glucose between 10 and 50 % w/w. So far, existing models to describe the conversion rate of cellulose are based on the hypothesis that hydrolysis of cellulose particles mainly takes place at their external or inner surface in sub and SCW (Cantero et al. 2013a; Sasaki et al. 2004 ). Therefore, the particle size is considered the key parameter for the conversion rate. Several studies have been carried out with the aim of studying the influence of temperature, cellulose concentration and cellulose structure on the primary products of cellulose hydrolysis in hot compressed water (Yu and Wu 2010a; Yu and Wu 2010b; Yu and Wu 2010c) . In those works, it was determined that an increase in the hydrolysis temperature will improve the production of high-molecular-weight products (oligosaccharide of glucose) because of the weakening of hydrogen bonds. This effect is particularly high when reaching the SCW state, when cellulose hydrolysis seems to take place in a homogeneous phase (Cantero et al. 2013a; Sasaki et al. 2004 ). In addition, the effect of cellulose concentration was previously evaluated in very diluted systems (up to 60 mg of samples in 2-6 l of water), where it was concluded that there is no solubility effect on the cellulose hydrolysis reactions (Yu and Wu 2010a) .
In this work, the effects of the reagent concentration on the conversion rate and selectivity of cellulose hydrolysis in SCW were evaluated. To do this, cellulose concentrations of 5, 10, 15 and 20 % w/w in the biomass stream (1.5, 3.0, 4.5 and 6.0 % in the reactor) were tested with different reaction times in a continuous reactor. In addition, the concentration of sugars in the product stream was an important factor to take into account. In this work, two methods to increase the concentration of the products obtained after cellulose hydrolysis in SCW were studied: (1) increasing the biomass concentration before the reaction by changing the feeding cellulose concentration and (2) taking out water after the reaction, using a flash separator to maximize the concentration of the products.
Materials and methods

Materials
The microcrystalline cellulose (99 %) used in the experiments was purchased from VWR Chemical Co. Distilled water was used to carry out the experiments. The standards used in the high-performance liquid chromatography (HPLC) analysis were: cellobiose (C98 %), glucose (C99 %), fructose (C99 %), erythrose (C75 %), glyceraldehyde (C95 %), glycolaldehyde dimer (C99 %) and 5-hydroxymethylfurfural (C99 %) purchased from Sigma.
Sulfuric acid (C96 %) and calcium carbonate (C99 %) supplied by Sigma were used as reagents in the determination of structural carbohydrates. Milli-Q water was also used in this procedure.
Analysis
The carbon content in the liquid product was determined by total organic carbon (TOC) analysis with Shimadzu TOC-VCSH equipment. The composition of the liquid product was determined by HPLC analysis. The column used for the separation of the compounds was Shodex SH-1011 at 50°C, using sulfuric acid (0.01 N) as mobile phase with a flow rate of 0.8 ml/min. The Waters IR Detector 2414 was used to identify the sugars and their derivatives, and a Waters UV-Vis detector was used to determine the 5-hydroxymethylfurfural (5-HMF) concentration at a wavelength of 254 nm.
The solid fraction (cellulose when X \ 1) in the final product was separated by centrifugation. Then, it was dried at 60°C for 24 h and finally weighed. This solid fraction represented the concentration of cellulose at the outlet of the reactor. Then, the cellulose conversion was determined by Eq. 1, where X is the cellulose conversion, W 0 is the concentration of cellulose at the inlet of the reactor (g cellulose/g total), and W is the outlet concentration of cellulose also as g cellulose/g total.
The concentration of soluble oligosaccharides in the liquid samples was determined by acid hydrolysis to glucose and HPLC determination following a laboratory analytical procedure from NREL (Sluiter et al. 2010 ) as follows. To 10 ml of filtered liquid aliquots, 4 ml of 96 % H 2 SO 4 was added. The sample was maintained in an oven at 30°C for 60 min. Then 86 ml of Milli-Q water was added, and the sample was incubated at 121°C for 60 min. Calcium carbonate was added to 20 ml of this sample to neutralize the pH, and finally the supernatant was filtered and analyzed by HPLC. Three to six replicates of each experiment were analyzed in order to obtain reliable results.
The yield of the main compounds (C-6 sugars, glycolaldehyde, 5-HMF, erythrose and glyceraldehyde) was determined by Eq. 2, where Y s is the yield of compound s, C s is the concentration of s in the liquid product determined by HPLC on a carbon basis, and M t is the total mass of carbon in the product, calculated as shown in Eq. 3.
In Eq. 3, M t is the total mass of carbon in ppm, M TOC is the mass of carbon in the liquid, measured as TOC in ppm, and X is the conversion of cellulose, calculated by Eq. 1. Using Eq. 3, the TOC values (M TOC ) were transformed into total mass (M t ), and the Cellulose (2015 Cellulose ( ) 22:2231 Cellulose ( -2243 Cellulose ( 2233 HPLC results for each compound were converted into carbon basis concentrations (C s ), multiplying each value by a carbon factor (C-6 sugars: 0.41; glycolaldehyde: 0.40; 5-HMF: 0.57; erythrose and glyceraldehyde: 0.40) and then divided by the total mass to obtain the yield of each product.
Experimental setup
The experiments were performed in the continuous pilot plant of the FASTSUGARS process, able to operate at temperatures up to 400°C and pressures up to 30 MPa, designed and built in a previous work of our research group (Cantero et al. 2013a ) and modified for this work as shown in Fig. 1 . The process can be divided in five stages, as follows:
(1) Pressurization Positive displacement pumps (P-1 and P-2) were used to continuously pump water and the cellulose suspension (5, 10, 15 or 20 % w/w) up to the operating pressure (25 MPa) at room temperature. It is important to notice that cellulose is not soluble in water; because of this, particular attention should be paid to biomass or pure cellulose pumping, avoiding clogging problems. SCW was supplied up to a maximum flow rate of 5 kg/h, and the cellulose suspension was fed to a maximum flow rate of 3 kg/h. In this set of experiments, the cellulose concentration at the inlet of the reactor varied from 1 to 7 % w/w because of the dilution in the mixing point (M).
(2) Biomass heating The water was preheated in a heat exchanger (HE-1) that recovered part of the heat of the products followed by an electric heater with adjustable power up to 10 kW, heating water up to 450°C. In these conditions (25 MPa and 450°C), water was already in a supercritical state. In order to avoid undesired reactions, it was important to heat up the cellulose stream as fast as possible. To do so, the flow ratio biomass/SCW was 1:3, meaning that at the inlet of the reactor a stream of SCW at 500°C with a flow rate of 5 kg/h was mixed with the cellulose stream at room temperature and a flow rate of 1.2 kg/h, instantaneously heating the biomass up to the operating temperature (400°C) in a tee junction (M) and simultaneously starting the reaction. In order to avoid heat losses and keep a constant temperature in the reactor, all the hot elements of the facility were thermally isolated using rock wool.
(3) Reaction Once the desired temperature had been reached, the reaction time of the biomass at reaction conditions became the critical factor to control the reaction. The selectivity of the FASTSUGARS Fig. 1 Experimental setup with a flash chamber and heat integration. CV check valve, HE heat exchanger, M mixer, P pump, PI pressure indicator, PT pressure transducer, SV selection valve, TT thermocouple, V valve process (Cantero et al. 2013a ) could be achieved by modifying the flows and the reactor volume. As mentioned above, the reaction started when the suspension and SCW met in the mixing point (M), instantaneously heating the biomass stream. The other key point of the reactor is the stopping of the reactions. This was achieved through sudden decompression and cooling. A scheme of the reaction section and its temperature profile is shown in Figure S1 in the Supplementary Material.
The reaction times were calculated as the ratio of reactor volume and volumetric flow in the reactor. The volume of the reactor in m 3 , V, was calculated using the dimensions of the reactor (D, L), and flow, F v , was calculated using the density of the reaction medium in the reactor at room conditions, considering the fluid as pure water. Since the reactor was thermally isolated and the heating and cooling methods were instantaneous, it could be considered that the temperature along it was constant. Therefore, the density was considered constant through the reactor, and t R (reaction time in seconds) was calculated by Eq. 4.
In Eq. 4, q h and q 0 represent the density at the reaction conditions and ambient conditions in kg/m 3 , respectively. F v , 0 is the flow measured at ambient conditions in kg/s. Using the ratio q h /q 0 , F v,0 is transformed into F v . A previous work studied the influence of the mixing time concerning the overall reaction time in SCW reactions. It was concluded that the mixing time between SCW and room temperature water has values between 1 and 3 ms at Ri = 1 9 10 -2 (Sierra-Pallares et al. 2011). The Richardson number (Ri = G r /R e 2 ) had a value around 1 9 10 -8 in our micro-reactor, suggesting then that the mixing time would be lower than 1 ms, which is lower than 1 % of the total reaction time considered (Cantero et al. 2015b) .
(4) Depressurization Sudden depressurization allowed an instantaneous cooling (based on the JouleThomson effect, the production of a vapor phase will suddenly cool down the effluent, &1 9 10 -5 s), therefore stopping the hydrolysis reactions. This was achieved instantaneously by sudden decompression through a high-temperature valve 30VRMM4812 (V-1) Autoclave Engineers. The cooling method was a key part of the FASTSUGARS process, because it was the mechanism used to effectively stop the reactions, avoiding uncontrolled reactions. With this method, it was possible to suddenly decrease the pressure from 25 MPa to ambient pressure and the temperature of the product from 400 to 150°C, as can be seen in the temperature profile shown in Figure S1 in the Supplementary Material. The described system was capable of instantaneously cooling the products, while simultaneously avoiding their dilution, which would occur if they were cooled down by quenching.
(5) Concentration The cooling method used in this facility (sudden decompression) represents a flash operation after which two phases are produced, the vapor and liquid phases. Therefore, a flash chamber separator was installed after the reactor in the experimental setup, allowing the separation of the products into two phases: a vapor phase mainly composed of water and a liquid phase with the concentrated product. After this stage, two heat exchangers were used to cool down the sample to room temperature (HE-2 and HE-3).
Operating with this experimental setup, in the same conditions (400°C, 25 MPa) it was possible to concentrate the product after the reaction, maximizing the concentration of hydrolysis products. Also, by closing or opening the selection valves (SV-1 and SV-2), it could be chosen to bypass the flash unit or not, thus evaluating the efficiency of the flash separation.
Results and discussion
Influence of reagent concentration on the yield
The influence of the cellulose concentration on the product yield and composition was analyzed at the best experimental conditions obtained in a previous work (400°C and 25 MPa) (Cantero et al. 2013b ). To do so, a set of experiments was carried out at different reactions times and feeding concentrations, bypassing the flash chamber. The concentration at the inlet of the reactor was varied by changing the concentration of cellulose in the starting biomass suspension. The biomass concentrations used were 5, 10, 15 and 20 % w/w, thus obtaining a cellulose concentration at the reactor inlet between 1.5 and 6 % w/w. The experimental conditions and cellulose conversion after hydrolysis for these experiments are presented in Table S2 in the Supplementary Material.
The main hydrolysis reaction pathway for cellulose in SCW is shown in Fig. 2 , based on a previous work (Cantero et al. 2013a) . Cellulose is first hydrolyzed into oligosaccharides and then into glucose. Once glucose has been produced, it can be converted into dehydrated (5-HMF) or retro-aldol condensation products (glycolaldehyde and glyceraldehyde).
In Fig. 3 , it can be seen that the increment of the cellulose concentration for a constant reaction time resulted in lower conversion rates. Also, while increasing the reaction time, the conversion was increased in all cases. These two trends can be explained by taking into account that by increasing the cellulose concentration, more cellulose particles were present in the same water volume, which meant that a lower amount of solvent was available to dissolve a higher amount of cellulose. This phenomenon represents a limitation in the mass transfer, decreasing the reaction rate. In these conditions, it was necessary to increase the reaction time to obtain complete conversion, increasing from 0.07 s for 5 % w/w to 1.57 s for 20 % w/w.
The yields for different products are shown in Figs. 4, 5 and 6 (C-6 sugars, glycolaldehyde and 5-HMF, respectively) and also in Figures S2, S3 and S4 in the Supplementary Material (for oligosaccharides, erythrose and glyceraldehyde). The yields of each component are presented in Table S3 in the Supplementary Material.
As a first approach, only experiments 1-12 (bars with no borderline) were considered to evaluate the concentration effect on the cellulose hydrolysis. For C-6 sugars (glucose and soluble oligosaccharides up to six units of glucose), it can be seen in Fig. 4 that the maximum yield (66 % w/w) was obtained at the lowest concentration (5 % w/w) and lowest reaction time (0.12 s). This dependence on the reaction time was expected, because as reported in a previous study (Cantero et al. 2013b ), just 0.02 s was necessary to obtain high-yield sugar recovery (98 % w/w) when hydrolyzing cellulose in SCW. Then, an increment in the reaction time favored the degradation reactions by consuming the produced sugars. Thus, the C-6 sugar yield decreased while increasing the reaction time. This trend was the same for all the concentrations evaluated, except in the case of 20 % w/w. In that case, it can be noticed that by increasing the reaction time (from 0.24 to 0.64 s), the sugar production was increased. This can be explained if it is considered that for a high concentration of cellulose such as 20 % w/ w, reaction times lower than 0.7 s were not enough to achieve complete conversion of cellulose (see Fig. 3 ). When the hydrolysis was incomplete (X \ 1), it could be assumed that an increment in the reaction time favored a higher conversion of cellulose into oligosaccharides and glucose, and therefore more sugars were produced. Table S3 and Figure S2 (in the Supplementary Material) show the fraction of oligosaccharides for each experiment. It was calculated by the difference between the concentrations of sugar before and after acid hydrolysis. The hydrogen bonds present in cellulose are weakened at supercritical conditions, making it possible to produce high amounts of oligosaccharides. Once produced, the oligosaccharide yield will depend on the reaction time. In this work, the highest amount of oligosaccharides (70 % w/w oligosaccharide vs. 30 % w/w monosaccharide) was achieved at the lowest reaction time. It was something expected, since as shown in Fig. 2 the first step in cellulose hydrolysis is oligosaccharide production. Working with very low reaction times such as 0.07 s, there was not enough time to completely convert oligosaccharides into glucose; therefore, the amount of oligosaccharides was higher than that of glucose. When the reaction time was increased (higher than 0.1 s), the main sugar products were monosaccharides (30 % w/w oligosaccharide vs. 70 % w/w monosaccharide).
Glycolaldehyde is produced via retro-aldol condensation of glucose, and it is a promising raw material, which can be used in a variety of industrial processes and applications (Sasaki et al. 2002) . Figure 6 shows that two trends were observed for the glycolaldehyde yield. Working with a constant reaction time, when increasing the cellulose concentration, the glycolaldehyde yield decreased (that trend was especially important at reaction times between 0.12 and 0.32 s). For these low reaction times, the cellulose conversion for high concentrations was incomplete; therefore, the production of glucose was relatively low. As glycolaldehyde is the main product of glucose retro-aldol condensation (Aida et al. 2007a) , low production of glucose implied low glycolaldehyde yields. On the other hand, by increasing the reaction time, for the full range of concentrations, the yield of glycolaldehyde increased because sugars were derived from other products (mainly glycolaldehyde), thus increasing the glycolaldehyde production. The maximum yield for glycolaldehyde in this section (34 % w/w) was achieved at a higher reaction time and 10 % w/w of cellulose.
5-Hydroxymethylfurfural is a dehydration product of fructose, and it is an undesired compound in the sugar production if microorganism post-processing of the product is required (Rogalinski et al. 2008) . The production of 5-HMF was lower than 2 % w/w in all the experiments (see Fig. 6 ), with the maximum amount achieved at the highest concentration and highest reaction time. The behavior observed for the 5-HMF yield was almost the same as that for glycolaldehyde, since at a constant range of reaction times, while increasing the concentration, the yield decreased. On the other hand, by increasing the reaction time, the yield of 5-HMF increased. The degradation reactions were favored by increasing the reaction time, thus enhancing the yield of the degradation product such as 5-HMF in addition to glycolaldehyde.
The behavior of other compounds such as erythrose and glyceraldehyde (Figs. S2 and S3 , respectively) showed a strong dependence on the reaction time. For low reaction times (lower than 0.2 s), only erythrose was yielded, whereas glyceraldehyde was produced for the rest of the experiments. This can be explained by following the reaction pathway as shown in Fig. 2 . It can be seen that glucose could be converted into fructose or erythrose plus glycolaldehyde by isomerization or retro-aldol condensation, respectively (Sasaki et al. 2002) . The fructose would also produce glyceraldehyde via retro-aldol condensation (Aida et al. 2007a) . As was demonstrated before, the production of fructose was favored by increasing the reaction time (Aida et al. 2007b) . Therefore, when working with low reaction times the production of fructose was low, and as a consequence, the yield of glyceraldehyde was negligible. Furthermore, when increasing the reaction time, the erythrose produced was decomposed into glycolaldehyde via retro-aldol condensation (Sasaki et al. 2002) , so the yield of erythrose for high reaction times was also negligible. Therefore, while increasing the reaction time for the full range of concentrations, the yield of erythrose decreased and the production of glyceraldehyde increased. On the other hand, working with a constant reaction time, the yield of erythrose decreased when increasing the concentration of cellulose. This behavior was also observed for the glycolaldehyde yield. In both cases it can be assumed that for low reaction times, the conversion of cellulose in highly concentrated suspensions was incomplete and therefore the production of glucose was relatively low (just 20 % w/w), which implied lower yields of its hydrolysis products (glycolaldehyde and erythrose). In the case of glyceraldehyde, no clear tendency was shown for the different concentrations. The maximum yield of erythrose (5 % w/w) was achieved for the lowest concentration and lowest reaction time. For glyceraldehyde, the maximum (6 % w/w) was produced at the highest concentration and highest reaction time.
Once the influence of the reagent concentration and reaction time over the product yield had been evaluated, the aim was to optimize the yields obtained for both C-6 sugars and glycolaldehyde. As shown before, the maximum yield for C-6 sugars was achieved at the lowest concentration and lowest reaction time (Exp. 1), and for glycolaldehyde the maximum yield was achieved at the highest cellulose concentration and highest reaction time (Exp. 12). To optimize these extreme conditions, two more experiments were carried out: an experiment with a lower reaction time and the lowest concentration (0.07 s, 5 % w/w) to maximize the production of C-6 sugars and another experiment with the highest concentration and a higher reaction time (20 % w/w, 1.57 s) in order to improve the glycolaldehyde yield. These results were also plotted in Figs. 3, 4 , 5, 6, S3 and S4 (represented by bars with a borderline) and in Table 1 and S2 in the Supplementary Material.
The experiment with 5 % w/w of cellulose and 0.07 s (numbered as 13) was performed using a lower reaction time than those used in the previous experiments. Thus, as expected, when decreasing the reaction time the sugar yield increased. This confirmed that lower reaction times produced lower glucose degradation and thus a higher yield of C-6 sugars. Therefore, it was demonstrated that the reaction time was a key factor in the reaction selectivity, as was reported in previous studies (Cantero et al. 2013b) . In this experiment, it was possible to maximize the yield of C-6 sugars, resulting in a yield of 79 % w/w.
In the case of 20 % w/w of cellulose and 1.57 s (experiment 14), the key factor to optimize the production of glycolaldehyde was achieving total conversion. Following the reaction pathway shown in Fig. 2 , it can be seen that the first step in cellulose hydrolysis was the production of oligosaccharides, cellobiose and glucose (C-6 sugars). Then as a second step, the glucose turned into glycolaldehyde and other products. Therefore, when the hydrolysis of cellulose was incomplete (X \ 1), the first sign was the low yield of glucose, and as a consequence, the low yield of glycolaldehyde (experiments 4 and 8). Conversion came closer to 1 when the reaction time was increased (experiment 12), and as a result the conversion of cellulose into glucose was enhanced. When total conversion was achieved (X = 1), all the glucose produced was rapidly degraded into other products, providing at the same time low yields for C-6 sugars and high yields for degradation products (experiment 14). This last experiment showed that the minimum yield of C-6 sugars (12 % w/w) and also the maximum yields for other products evaluated (42 % w/w glycolaldehyde and 2 % w/w 5-HMF) were achieved. The glycolaldehyde yield was as high as expected for this relatively low reaction time. A previous work reported a yield of 12 % w/w for C-6 sugars, 40 % w/w for glycolaldehyde and around 1 % w/w for 5-HMF (carbon basis), working at 400°C, 25 MPa and 1-s reaction time (Cantero et al. 2013b ). In the current study, working with a slightly higher reaction time, it was possible to increase the yield of glycolaldehyde when operating at 400°C and 25 MPa.
Concentration with the flash chamber
To study the performance of the process when using a flash chamber to concentrate the products in the final effluent, the optimal conditions presented before were selected (5 % w/w cellulose, 0.07 s and 20 % w/w, 1.57 s). In both experiments, the same pressure and temperature conditions were used (25 MPa, 400°C), and total conversion was achieved (X = 1).
These experiments (numbered 13 and 14, respectively) were performed using the facility shown in Fig. 1 , following two steps: (1) first, hydrolysis bypassing the flash chamber was carried out. This part helped to identify and optimize the effect of reaction time over the yield, as commented on in the previous section. (2) Then, the product stream went through the flash chamber and was separated into two streams, allowing sampling of the liquid (L) and vapor (V) phases. In this way, the efficiency of using a flash chamber as a way to concentrate the product was evaluated. Results obtained in these experiments are presented in Table 1 , Fig. 7 and Table S4 in the Supplementary Material. Once the cellulose had been hydrolyzed, the product went through the flash, and it was separated into two phases (liquid, L; vapor, V). In Fig. 7 the results were plotted in ppm in order to compare the effect of the separation over the final concentration of products (C-6 sugar and glycolaldehyde concentrations were selected to follow the separation carried out in the flash).
In the case of the lowest concentration and reaction time (experiment 13) in Table 1 , it can be seen that the separation ratio (L:V) was approximately 2:1. Indeed, the separation was taking place in the flash chamber in terms of flow distribution. As can be seen in Fig. 7 , the flash allowed increasing the sugar concentration from 10,000 ppm to 15,000 ppm in the liquid phase only by setting a flash separation after the reaction. In the case of derived products, it can be observed that the concentrations of glycolaldehyde remained almost the same. The vapor phase is not able to dissolve saccharides; this was the reason why the concentration of the hydrolysis products was so low. Therefore, the flash chamber proved to be an effective way to increase the concentration of sugars in the final product.
The use of the flash chamber in this case resulted in a liquid stream rich in sugars with a relatively low glycolaldehyde content and a lower concentration of 5-HMF (see Table S4 in the Supplementary Material). Indeed, it was possible to increase the concentration of C-6 sugars up to 50 % just by adding the flash separation after the reaction. On the other hand, the vapor stream was mainly composed of water and ten times less carbon content regarding the initial sample (5165 ppm of carbon bypassing the flash versus 593 ppm in the vapor phase).
For the experiment with the highest concentration and reaction time (experiment 14), the main difference was that the main product yielded was glycolaldehyde instead of C-6 sugars. In terms of flow distribution, the separation ratio (L:V) was approximately 3:1, very similar to the ratio obtained in experiment 13. Regarding the concentration of different products, in Fig. 7 it can be observed that, using the flash separator, it was possible to increase the concentration of glycolaldehyde from 19,000 ppm to 21,000 ppm in the liquid phase. This increment was lower than that experienced by the C-6 sugars in the previous experiment. That was due to the relatively high amount of glycolaldehyde solubilized in the vapor phase. Both experiments show that C-6 sugars and 5-HMF stayed in the liquid phase, but on the contrary, the glycolaldehyde produced was solubilized in the vapor phase, probably because of its low molecular weight.
In this experiment, the addition of a flash separation step allowed increasing the concentration of glycolaldehyde in the liquid stream up to 10 %, obtaining as a result a liquid stream rich in glycolaldehyde with a low content of sugars and derived products such as 5-HMF. Also remarkable was the possibility to obtain a vapor phase mainly composed of water and glycolaldehyde.
Carrying out these two experiments helped to identify the efficiency of using a flash chamber to concentrate the products in the final effluent. When obtaining sugars as a major product (low reaction time and concentration), the flash chamber allowed increasing the concentration of C-6 sugars in 50 %, giving as a result a liquid stream rich in sugars with a low content of degradation products. Nevertheless, when glycolaldehyde was the main product, the addition of a flash separator only increased the concentration of glycolaldehyde by 10 % because of the higher Fig. 7 Concentration of sugars and glycolaldehyde for experiments 13 and 14 bypassing the flash (no flash) and using the flash solubility of glycolaldehyde in the vapor phase compared to the saccharide one.
Influence of the reagent concentration on kinetics Existing models to describe the conversion rate of cellulose hydrolysis in SCW assumed that hydrolysis of cellulose particles mainly takes place at their surface (Cantero et al. 2013a; Sasaki et al. 2004 ) and implied the use of a nonconventional kinetic equation. In this work, a conventional first order kinetic was assumed to describe the conversion rate of cellulose in SCW. Equation 5 represents the kinetic expression, where C 0 is the inlet concentration in % w/w, and C is the final concentration calculated by Eq. 6 where X is the conversion of cellulose. k is the kinetic constant in s -1 , and t R is the reaction time in s.
Experimental results obtained with feeding concentrations of 5, 15 and 20 % w/w of cellulose (1.5, 4.5 and 6 % w/w at the reactor inlet) were used to calculate the kinetic constant. Experimental data for 5 % w/w were taken from a previous work (Cantero et al. 2013b) . It should be mentioned that the experiments using a cellulose concentration of 10 % yielded a total conversion, so the hydrolysis kinetic was not calculated. In Fig. 8 , the logarithm was plotted against the reaction time, and a linear dependence was found where the slope represented the kinetic constant, k.
In a previous work, the Arrhenius parameters were calculated for cellulose hydrolysis in subcritical water, 154.4 kJ/mol being the activation energy (E A ) and 29.6 the pre-exponential factor (ln A) (Cantero et al. 2013a) . From these data the kinetic constant at 400°C was calculated for the heterogeneous kinetic equation validated in the previous study (based on the superficial consumption of the cellulose grain). In this way, it was possible to estimate the conversion of cellulose for different reaction times. Then, these conversion and reaction time values were used to calculate a new kinetic constant (-20.94 s -1 ) for the first order kinetic, which corresponded to 3.83 % w/w of cellulose at the inlet of the reactor. This concentration can be considered as the solubility limit, representing the limit between homogeneous reaction media and heterogeneous media for cellulose hydrolysis in SCW. Assuming that the concentration was lower than 3.83 % w/w, then the cellulose was completely solubilized in SCW. In this case, it can be considered that hydrolysis of cellulose occurred in a homogeneous phase and therefore the conversion rate was higher. On the contrary, if the concentration was higher than the solubility limit, then the cellulose behaved as if it had been hydrolyzed at subcritical conditions. Under these conditions, the cellulose was not totally dissolved, and the hydrolysis reaction occurred in a heterogeneous phase. This fact can be explained assuming that a decrease in the solubility of cellulose in SCW implied a heterogeneous reaction where the mass transfer resistances could limit the reaction rate.
Moreover, beyond 3.83 % w/w of cellulose, the slope decreased when increasing the concentration (see Fig. 8 ). This can be explained considering that the mass transfer resistance increased when the cellulose concentration was higher. As previous studies reported, it can be assumed that the mass transfer rate coefficient was strongly dependent on the reagent concentration (Rearden et al. 1998) , and the mass transfer limited overall conversion yields in systems with high-solids loadings (Griggs et al. 2010) . Therefore, it can be assumed that not only is the particle size a key parameter in the conversion rate of cellulose hydrolysis in SCW, but also the cellulose concentration and interphase mass transfer limitations must be considered. 
Conclusions
Cellulose hydrolysis in SCW was studied experimentally to evaluate the effect of the biomass concentration on the reactions. It was found necessary to increase the reaction time to achieve total cellulose conversion when using highly concentrated suspensions. This also favors the conversion of glucose into its derived products. Therefore, cellulose (and biomass) can be selectively hydrolyzed in SCW to sugars with low reaction times and using low concentrations of biomass. If the desired products are glucose derivatives, such as glycolaldehyde, high reaction times are needed. To increase the concentration of the products, the addition of a flash separation was proposed, which allows an increment of the concentration up to 50 % in sugars and 10 % in glycolaldehyde. It was also found that the inlet concentration of biomass affects the conversion rate of cellulose in SCW. Increasing the inlet concentration up to 4 % w/ w, the cellulose solubility in SCW is lower, and the reaction occurs in a heterogeneous media where the mass transfer resistances could limit the reaction rate. In addition, these mass transfer resistances show a strong dependence on the cellulose concentration.
